The crystal structures of chromian epidotes from the Sambagawa metamorphic rocks, central Shikoku, Japan, were refined using single crystal data to investigate the distribution of chromium among the three independent octahedral sites. On the basis of the electron probe microanalysis of the chromian epidotes on the polished surface of thin sections, three chromian epidote grains in a thin section were selected for X ray intensity data collection, and their Cr 2 O 3 values were as much as 1.79, 4.99, and 4.74 wt%, respectively, which led to values of 0.113, 0.315, and 0.299 Cr apfu, respectively. Nevertheless, their Fe 2 O 3 contents were nearly constant (8.1 8.7 wt%, 0.49 0.52 Fe apfu) and their SrO contents were not significant (1.8 3.2 wt%, 0.08 0.15 Sr apfu). The selected chromian epidote grains were picked out using a binocular optical microscope from the thin sections, and were labeled as CrEp1, CrEp2, and CrEp3, respectively. The oxidation state of chromium was found to be trivalent by the optical spectrum. were refined using 1145, 1853 and 1438 unique reflections, respectively, and the calculations converged at R factors of 5.8%, 6.6%, and 3.2%, respectively. The resulting structural formula were: [Ca] A1 [Ca 0.86 (Dollase, 1969 (Dollase, , 1971 Kvick et al., 1988; Ferraris et al., 1989; Bonazzi et al., 1990 Bonazzi et al., , 1992 Menchetti, 1994, 1995; Langer et al., 2002; Nagashima and Akasaka, 2004; and others) and a variety of spectroscopic methods (Burns and Strens, 1967; Dollase, 1973; Paesano et al., 1983; Fehr and Heuss Aßbichler, 1997; Langer et al., 2002; and others). On the other hand, the distribution of Cr 3+ has been studied by means of optical spectroscopy (Burns and Strens, 1967) , but the structural refinement of chromian epidote has not been carried out so far, because the occurrence of chromian epidote is not common.
M1
[Al]
M2 [Al 0.43 (Ito et al., 1954; Dollase, 1968) . In calcium epidote, Ca 2+ cations occupy 9 coordinated A1 and 10 coordinated A2 sites, trivalent cations, such as Al , are distributed among the octahedral M1, M2 and M3 sites, and Si cations occur in the tetrahedral Z sites.
The distribution of Fe 3+ and Mn 3+ in calcium epidote Distribution of chromium among the octahedral sites in chromian epidote members and the effect on their crystal structures have been investigated by means of structural analysis (Dollase, 1969 (Dollase, , 1971 Kvick et al., 1988; Ferraris et al., 1989; Bonazzi et al., 1990 Bonazzi et al., , 1992 Menchetti, 1994, 1995; Langer et al., 2002; Nagashima and Akasaka, 2004; and others) and a variety of spectroscopic methods (Burns and Strens, 1967; Dollase, 1973; Paesano et al., 1983; Fehr and Heuss Aßbichler, 1997; Langer et al., 2002; and others) . On the other hand, the distribution of Cr 3+ has been studied by means of optical spectroscopy (Burns and Strens, 1967) , but the structural refinement of chromian epidote has not been carried out so far, because the occurrence of chromian epidote is not common.
Recently, Nagashima et al. (2006) reported on the occurrence of chromian epidote containing up to 6 wt% Cr 2 O 3 in pebbles of omphacite rock from the Sambagawa metamorphic rocks in central Shikoku, Japan. In the present study, we have investigated the structure of chromian epidote obtained using single crystal X ray diffraction coupled with 57 Fe Mössbauer spectroscopy and optical spectroscopy.
EXPERIMENTAL METHODS

Samples
The chromian epidote studied occurs in omphacite rock pebbles obtained from the Sambagawa metamorphic rocks in central Shikoku, Japan. Nagashima et al. (2006) distinguished three types of chromian epidote: Ca epidote with < 3 wt% SrO, Sr rich epidote with 3 11 wt% SrO, and the rare earth elements (REE) rich epidote with 2 7 wt% (Ce 2 O 3 + La 2 O 3 + Nd 2 O 3 + Pr 2 O 3 + Sm 2 O 3 + Gd 2 O 3 ), and described the cores of the Sr rich epidote being overgrown with Ca epidote, whereas the Ca epidotes were rimmed by and/or intergrown with REE rich epidotes. The Cr 2 O 3 content in the epidote is variable and attains up to 6 wt% around the chromite grains. The Cr distribution is not related to any zonal structure. The Fe 3+ content varies within a narrow range: 5 7 or 6 9 wt% of the total Fe 2 O 3 (Nagashima et al., 2006) .
In order to analyze the oxidation state of the iron and chromium using 57 Fe Mössbauer spectroscopy and optical spectroscopy, respectively, the chromian epidote was separated from the omphacite rock pebbles using the following procedure. The pebbles were manually crushed down to grains 0.25 0.5 mm in diameter, and the chromian epidote grains were then separated using a Franz isodynamic separator. They were further purified by handpicking under an optical microscope, and the separated grains were crushed to produce grains with 100 150 μm in diameter. The samples obtained were purified once again using the isodynamic separation and handpicking procedures. Finally, about 200 mg of the chromian epidote grains were collected and ground using an agate mortar to produce a powdered sample. The purity of the powdered sample was examined using X ray powder diffraction method.
For the single crystal structural analysis of the chromian epidote, chemically homogeneous crystals or grains were searched for on the polished surface of thin sections by use of the element concentration and quantitative analysis using a JEOL JXA 8800M electron probe microanalyzer (EPMA). The details of the analytical conditions of the EPMA analysis have been described in Nagashima et al. (2006) . Finally, three chromian epidote grains with relatively high Cr 2 O 3 content were selected for X ray data collection. They were picked out under a binocular optical microscope from a thin section of Sample 2, as described in Nagashima et al. (2006) . The samples obtained were labeled as CrEp1, CrEp2, and CrEp3 and had dimen- 
X-ray powder diffraction
A part of the powdered sample was spread uniformly over the surface of a silicon non reflection specimen holder.
Step scan powder diffraction data were collected using a Rigaku RINT automated Bragg Brentano diffractometer system equipped with a curved graphite diffracted beam monochromator. The Cu X ray tube generator was operated at 35 kV and 20 mA. The X ray powder diffraction profile was taken between 5º and 120º in 2θ using a step interval of 0.02º and a step count time of 5 seconds.
To evaluate the purity of the powdered sample, the powder diffraction data was analyzed using the RIETAN 2000 program (Izumi and Ikeda, 2000) . The peaks were defined using a modified split pseudo Voigt function implemented by (Izumi and Ikeda, 2000) . The asymmetry parameter was built into this profile function. The preferred orientation was corrected with the March Dollase function (Dollase, 1986 ).
Fe Mössbauer spectroscopy
The 57 Fe Mössbauer spectrum of the chromian epidote samples (about 150 mg of powder) was measured at 298 K using 370 MBq 57 Co in Pd as the γ ray source. The Mössbauer data were obtained using a constant acceleration spectrometer fitted with a 1024 channel analyzer. The isomer shift (IS) was referenced to a metallic iron foil. The Doppler velocity was calibrated using the same metallic iron foil. The QBMOSS program of Akasaka and Shinno (1992) was used for the least squares calcula-tion of the spectrum. The spectrum was fitted to Lorentzians with the line widths and intensities constrained to be equal at each site. The quality of the fit was judged from the χ 2 value and the standard deviation of the Mössbauer parameters.
Optical spectroscopy
The unpolarized optical spectrum of the chromian epidote was measured in the wavelength range from 280 nm to 840 nm for the powder sample at room temperature using a Hitachi U 3500 optical spectrometer. The powder sample was densely mounted in a glass sample holder with a 20 × 18 × 1.5 mm 3 cavity. The diffuse reflectance from 0 to 100% was measured using an integrating sphere.
Single crystal structural analysis
The diffraction data of the chromian epidotes were collected using a Rigaku RAXIS RAPID imaging plate (IP) diffractometer of the University of Tsukuba for CrEp1 and CrEp2, and a Bruker SMART APEX CCD diffractometer of Bruker AXS K.K. for CrEp3.
For CrEp1 and CrEp2, a block crystal was mounted on a glass fiber, and the intensity data were collected at room temperature using graphite monochromatized MoKα radiation (λ = 0.71069 Å). A total of 88 oscillation images were collected. A sweep of the data was done using ω scans in 5.0° steps from 130.0 to 190.0° for χ = 45.0°
and ϕ = 0.0°, and from 0.0 to 160.0° for χ = 45.0° and ϕ = 180.0°. Another sweep was performed using ϖ scans in 5.0° steps from 130.0 to 190.0° for χ = 45.0° and ϕ = 90.0° and from 0.0 to 160.0° for χ = 45.0° and ϕ = 270.0°. The exposure rate was 120 seconds per degree. Equivalent reflections were merged using the PROCESS AUTO program package. The data were corrected for Lorentz and polarization effects. A symmetry related empirical absorption correction using the ABSCOR program (Higashi, 1995) was applied.
The single crystal of CrEp3 was mounted on a glass fiber and positioned in the CCD diffractometer equipped with a cryo stream liquid nitrogen cryostat. Preliminary lattice parameters and an orientation matrix were obtained from three sets of frames and refined during the integration process of the intensity data. The intensity data were measured using graphite monochromatized MoKα radiation. Diffraction data were collected at 90 K using multiple ϖ scans with different ϕ settings (i.e., ϕ and ϖ scans) (Bruker, 1999) . The data were processed using the SAINT (Bruker, 1999 ). An empirical absorption correction using the SADABS (Sheldrick, 1996) was applied. The structure was solved using direct methods employing the SHELXS97 program (Sheldrick, 1997) with default parameters, and expanded using Fourier techniques. Structural refinement was performed using the SHELXL97 program (Sheldrick, 1997) . The scattering factors of the neutral atoms were employed in our analysis. First, several refinement cycles were carried out using the isotropic thermal displacement parameters for the non hydrogen atoms, and then, refinement using the anisotropic thermal displacement parameters was made. Table 1 shows the results of the chemical analyses for the three chromian epidote grains in the thin section from which CrEp1, CrEp2, and CrEp3 were picked out. As described below, the Mössbauer and optical spectroscopy studies revealed all the Fe and Cr to be trivalent in oxidation state. The oxidation state of Mn is regarded as divalent, because the chromian epidote is associated with Fe 2+ bearing phases such as omphacite, amphibole, and mica (Nagashima et al., 2006) and Mn 2+ is the most stable manganese cation under the fo 2 conditions where both Fe 2+ and Fe 3+ exist. The Cr 2 O 3 contents of the chromian epidote grains corresponding to CrEp1, CrEp2, and CrEp3 are 1.79, 4.99, and 4.74 wt%, respectively. The Fe 2 O 3 content is nearly constant (8.12 8.67 wt%). The SrO content ranges from 1.79 to 3.15 wt%. A very small amount of REE is also present.
RESULTS
Chemical compositions of specimen
In Table 1 , Fe 3+ and Cr 3+ are allocated to the octahedral sites based on the spectroscopic studies. The distribution of V 3+ at the octahedral sites in epidotes has been confirmed in mukhinite (Shepel and Karpenko, 1969) , and Ti 4+ has been considered to occupy the octahedral sites (Franz and Liebscher, 2004 (Bonazzi et al., 1990; Akasaka et al., 2000; Armbruster et al., 2002; Miyajima et al., 2003; Bonazzi and Menchetti, 2004) .
Purity of the powder sample
The X ray powder diffraction pattern showed that the powder sample consists of not only epidote but also a very small amount of omphacite. By applying the reported structural parameters of epidote (Dollase, 1971 ) and omphacite (Mottana et al., 1979) as the initial structural parameters, the mass fractions of epidote and omphacite in the powder sample were readily obtained from ordinary Distribution of chromium among the octahedral sites in chromian epidote Rietveld analysis where the atomic positions and isotropic atomic displacement parameters were fixed to those of the initial values in the present refinement. The converged mass fractions of epidote and omphacite are 0.99 and 0.01, respectively, and the unit cell parameters were refined as follows: a = 8.882(7), b = 5.604(3), c = 10.161(8) Å, β = 115.32(4)º, and V = 457.2(6) Å 3 for the epidote (P2 1 /m), and a = 9.59(2), b = 8.779(7), c = 5.255(6) Å, β = 107.1(1)º, and V = 423(1) Å 3 for the omphacite (P2/n). The values of R wp and R e were 16.47 and 9.42, respectively, and thus, the goodness of fit was 1.748.
Mössbauer spectroscopy
The 57 Fe Mössbauer spectrum consists of three main doublets (AA BB and CC ) and one very small doublet (DD ) (Fig. 1) . The hyperfine parameters are listed in Table 2 . In 57 Fe Mössbauer studies on epidote, the doublets with IS = 0.22 to 0.36 mm/sec and quadrupole splitting (QS) = 1.46 to 1.67 mm/sec, and those with IS = 0.31 to 0.44 mm/sec and QS = 1.89 to 2.32 mm/sec have been assigned to Fe 3+ at the M1 and M3 sites, respectively (Bancroft et al., 1967; Dollase, 1973; Bird et al., 1988; Fehr and Heuss Aßbi-chler, 1997; Heuss Aßbichler and Fehr, 2000; Liebscher, 2004 Figure 1 . 57 Fe Mössbauer spectrum of the chromian epidote at 298 K. The refined Mössbauer parameters are listed in Table 2. of the doublet CC′ (IS = 0.53 mm/sec, QS = 1.77 mm/sec) correspond to Fe 3+ at the M3 site in allanite with IS = 0.37 to 0.55 mm/sec and QS = 1.61 to 2.00 mm/sec (Liebscher, 2004) . The existence of a couple of doublets of Fe 3+ at the M3 site with a slightly different QS can be attributed to the heterogeneous chemical composition of the chromian epidotes in the Mössbauer sample, which consists of not only chromian Ca epidote but also Sr rich epidote and REE rich epidote (Nagashima et al., 2006) .
The QS of 0.21 mm/sec of the doublet DD′ does not agree with that of Fe 3+ at the M1 and M3 sites in epidote. Nevertheless, the hyperfine parameters of the doublet DD′ are similar to those of Fe 3+ in sodic pyroxene (QS = 0.29 to 0.55 mm/sec: Bancroft and Williams, 1969; Aldridge et al., 1978; Dollase and Gustafson, 1982) , which was inevitably contaminated during the separation of the chromian epidote.
Optical spectroscopy
Since the measured diffuse reflectance spectrum of the chromian epidote was very low in intensity, the conversion spectrum to absorption scale by applying the Kubelka Munk formula was much lower in intensity. Therefore, the reflectance spectrum was directly plotted against wavelength and wave number scales, as shown in Figure 2 . The assignment of the peaks in the spectrum and the crystal field parameters are listed in Table 3 .
Five discrete bands were assigned in the spectrum. Four of them centered at 33000 (υ 3 ), 22170 (υ 2 ), 15040 (υ 1 ) and 14410 cm 1 are attributed to Cr 3+ of the quartet state, and the other band centered at 26320 cm 1 to Fe 3+ of the sextet state (Bates, 1962) . The band at υ3 is duplicated with a charge transfer band occurring between the central metal and the legends. The broadened band of Cr 3+ centered at the υ2 position is overlapped with a relatively sharp band of Fe Figure 2 . Crystal field spectrum of the chromian epidote. The assignment of the spectrum peaks and crystal field parameters are listed in Table 3 . Distribution of chromium among the octahedral sites in chromian epidote tion, the value of C was determined to be 2960 cm 1 . Since the spin allowed transition of free Cr 3+ has B = 810 cm 1 , the ionic character of the Cr 3+ O bond in the chromian epidote is 95%. The crystal field of the octahedral site is slightly weaker than that of kosmochlor (NaCrSi 2 O 6 ) having 10Dq = 15600 cm 1 , B = 646 cm 1 (White et al., 1971) , and a mean M O bond distance of 1.998 Å (Clark et al., 1969) . Subsequently, the mean M O distance around the octahedral Cr 3+ ions of the chromian epidote was calculated using the formula, Δ/Δ′ = (R′/R) 5 (White et al., 1971) , where Δ and R denote 10Dq and the mean M O distance for a standard specimen and Δ' and R' denote those for an objective unknown specimen. Taking the mean M O distance (Clark et al., 1969 ) and 10Dq value (White et al., 1971 ) of kosmochlor as a standard (Ikeda and Ohashi, 1974; Ikeda, 1984; Ikeda et al., 1992) , the mean M O distance obtained is 2.013 Å, which is consistent with the mean M3 O bond distance of the chromian epidotes (2.005 Å for CrEp1, 2.019 Å for CrEp2, and 2.013 Å for CrEp3) determined by the present X ray structural refinement.
All the bands of Fe 3+ are assigned to spin forbidden transitions, and thus, precise determination of the crystal field parameters of Fe 3+ is difficult. However, the crystal field parameters of Fe 3+ were calculated to be 10Dq ≈ 12700 cm 1 and B ≈ 670 cm 
Structural solution and refinements
The number of measured and unique reflections with R indices in the final least squares calculations are given in Table 4 . The unit cell parameters and crystallographic data are also shown in Table 4 . The refined atomic positions are listed in Table 5 . The equivalent and anisotropic atomic displacement parameters are represented in Tables  5 and 6 , respectively. The interatomic distances calculated from the refined atomic positions are shown in Table  7 . After convergence of the structural refinements for the non hydrogen atoms, a difference Fourier map was calculated in order to find the hydrogen atoms of the hydroxyl groups. Although the electron density distributions for CrEp1 and CrEp3 were not clear enough to detect hydrogen atoms, the difference Fourier maps of CrEp2 showed peak heights with 0.7 eÅ 3 at a position about 1 Å from the O10 atom (x = 0.059, y = 0.25 and z = 0.359), which can be attributed to the hydrogen atom forming an OH group. Upon further refinement including the hydrogen atoms for CrEp2, where isotropic temperature factors were varied and the site occupancy of the hydrogen atom at the H position was fixed to 1.0, the R index and S value (goodness of fit) converged to 0.045 and 1.07, respectively. The bond lengths of the O10 H and O4···H bonds were 0.65 and 2.29 Å, respectively. (Table 8) (Hawthorne et al., 1995) . The site scattering values were derived from the site occupancy of calcium ions at the A1 and A2 sites and of aluminum ions at the M1, M2, and M3 sites, refined without any constraint. On the basis of the observed site scattering values, the site populations (apfu) of the A1 and M2 sites in CrEp1, CrEp2, and CrEp3, and for the M1 site in CrEp1, were fixed to be 1Ca, 1Al, and 1Al, respectively. The site populations of Ca and Sr on the A2 site, and of Cr and Al on the M1 and M3 sites were estimated by use of the following procedure: (1) trace elements not more than 0.01 apfu (O = 12.5) were omitted, (2) Fe 3+ was assigned to the M3 site based on the result of the 57 Fe Mössbauer analysis, and (3) several reasonable constraints were applied as follows; g(Ca) + g(Sr) = 1 for the A2 site, g(Al) + g(Cr) = 1 for the M1 site, and g(Al) + g(Cr) = 1 − g(Fe) for the M3 site, where g denotes the site population. The final site populations at the A and M sites are listed in Table 8 . The values of the Sr apfu at the A2 sites (0.14, 0.10, and 0.12 for CrEp1, CrEp2, and CrEp3, respectively) are similar to those given by the EPMA analysis (0.15 for CrEp1, 0.08 for CrEp2, and 0.08 for CrEp3). The Cr contents derived from the site scattering values for CrEp1 (0.09 apfu) and CrEp2 (0.31 apfu) are consistent with those obtained from the EPMA analysis, whereas that of CrEp3 (0.22 apfu) is less than the EPMA data. The discrepancy of the Cr content in CrEp3 may be attributed to the inhomogeneous composition of CrEp3. Merli et al. (2000) showed that the * Unit cell parameters were measured at 293 K. Diffraction data were collected at 293 K for CrEp1 and CrEp2 and at 90 K for CrEp3. estimates of the site scattering values from X ray diffraction data are often different from those obtained from EPMA analysis on inhomogeneous (zoned) crystals.
To examine the feasibility of the structural models, the bond valence sums in CrEp1, CrEp2, and CrEp3 were calculated using the function of the electrostatic strength by Brown and Altermatt (1985) and the bond valence parameters of Brese and O'Keeffe (1991) (Table 9 ). The valence sums of the A1, M1, M2, Si1, Si2, O3, O5, O6, O7, O8, and O9 are close to their expected valence sums, whereas those of the A2, O1, O2, O4, O8, and O10 are less than their expected values. Since hydrogen atoms * Multiplicity. ** Wyckoff letter. forming the H O10 and H···O4 bonds were observed in CrEp2, the low bond valence sums for the O4 (1.73 v.u.) and O10 (1.30 v.u.) in this study may be compensated by the bond valences between the hydrogen and oxygen atoms. Similar results have also been reported for allanite (Hoshino et al., 2005) and dissakisite (La) (Lavina et al., 2006) . On the other hand, the reason for smaller valence sums of the O1, O2, and O8 is not obvious. Hoshino et al. (2005) interpreted the reason of the low O2 and O8 bond valences in terms of the effect of defect at the A2 site. However, there is no strong evidence suggesting defects at the A2 site in the present chromian epidotes. On the basis of the fact that the O1, O2, and O8 oxygen atoms belong to the strongly distorted M3 site, and the effect of the distortion of coordination polyhedra on the bond strength to bond length relationship (Brown and Shannon, 1973) , the relatively low bond valences of the O1, O2, and O8 oxygen atoms are suggested to be caused by the distortion of the M3 octahedra.
DISCUSSION
Cr distribution in the octahedral sites
In epidote group minerals, the M3 site is essentially larger and more distorted than the M1 and M2 sites (Ito et al., 1954; Dollase, 1968) . This feature controls the distribution of transition elements in the three independent octahedral sites. Thus, the stronger preferences of Fe 3+ and Mn 3+ than Al 3+ for the M3 site are reasonable in both natural and synthetic epidotes (Dollase, 1971; Giuli et al., 1999; others) and piemontites (Dollase, 1969; Langer et al., 2002; Nagashima and Akasaka, 2004 ; others), although it is also noted that Fe 3+ and Mn 3+ ions tend to occupy the M1 site, even when the M3 site is not fully occupied by Fe 3+ and Mn 3+ (Giuli et al., 1999; Langer et al., 2002; Nagashima and Akasaka, 2004 (Dollase, 1971 ). On the basis of similar considerations, Mg 2+ and Cr 3+ in chromian dissakisite (Ce) were assigned to the M3 and M1 sites, respectively (Yang and Enami, 2003) . For the Outokumpu chromian epidote, in which 33% of the octahedral sites were filled with Cr 3+ ions, Treloar (1987) predicted that Cr 3+ might be preferentially partitioned into one of the three octahedral sites, probably the M1 site. This interpretation was partly based on the results of a polarized absorption spectroscopic study by Burns and Strens (1967) which showed that Cr 3+ had a strong preference for the M1 site. In terms of the assignment of the crystal field spectra, Liebscher (2004) The result in this study gives a solution to the questions on the distribution of Cr 3+ among the octahedral sites in the epidote structure. As shown in Table 8 cations occupy the M3 site (Dollase, 1971; Guili et al., 1999 
and <M3 O> = 0.586r + 1.659 (R 2 = 0.93) (2).
The gradients of Equations (1) and (2) were recalculated from the EPMA data by normalizing total cations at the octahedral sites to the ideal value, 3 apfu. *** Calculated from the site populations. Table 8 . Refined site-scattering values* and assigned site-populations** for the A1, A2, M1, M2 and M3 sites Distribution of chromium among the octahedral sites in chromian epidote (Giuli et al., 1999) (Langer et al., 2002; Nagashima and Akasaka, 2004) .
As shown in Figure 3 , the M1 O1, M1 O4 and M1 O5 distances increase with the increase of Cr 3+ content in the M1 site, and their gradients are similar to each other, indicating an equidimensional expansion of the M1O 6 octahedra. Although the M3O 6 octahedra are essentially more distorted than the M1O 6 octahedra (Figs. 3 and 4) , an almost equidimensional expansion of the M3O 6 octahedra with the substitution of Cr 3+ + Fe 3+ for Al 3+ is also shown by the similar trends of the variations in M3 O1, Note: ΣA v is the valence of bonds emanating from cation summed over the bonded anions. ΣC v is the valence of bonds reaching anions. * Two bonds per cation. † Two bonds per anion. Table 9 . Estimated bond valence (v.u.) M3 O2, M3 O4 and M3 O8 lengths as a function of the mean ionic radius (Fig. 4) .
Such variations in the M1 Oi and M3 Oi distances are also observed in synthetic Ca 2 (Al,Fe 3+ ) 3 Si 3 O 12 (OH) epidote (Giuli et al., 1999) . In the synthetic Ca 2 (Al,Mn 3+ ) 3 Si 3 O 12 (OH) piemontite (Nagashima and Akasaka, 2004) , the M1O 6 and M3O 6 octahedra expand nonequidimensionally with the substitution of Mn 3+ for Al ions in the M1 and M3 sites due to the Jahn Teller effect: the M1 O1 and M3 O1 distances increase more rapidly than other M1 Oi (i = 4 and 5) and M3 Oi (i = 2, 4, and 8) distances, respectively, with the substitution of Mn 3+ for Al
3+
. The nearly equidimensional expansion of the M1 and M3 octahedra caused by the substitution of Cr 3+ and/or Fe 3+ for Al is consistent with the fact that Cr 3+ and Fe 3+ in the octahedral sites do not give rise to a Jahn Teller distortion. The mean ionic radii were calculated using the ionic radius values of Shannon (1976) . Open symbols, clinozoisite (Dollase, 1968) ; Filled symbols, chromian epidote (this study); Diamond, M1 O1 distance; Square, M1 O4 distance; Triangle, M1 O5 distance; ×, mean M1 O distance of chromian epidote (this study); + , mean M1 O distance of clinozoisite (Dollase, 1968) ; Broken line, the regression line between the mean M1 O distance and the mean ionic radius in chromian epidote (this study) and clinozoisite (Dollase, 1968) . Mean ionic radii were calculated using the ionic radius values of Shannon (1976) . Open symbols, clinozoisite (Dollase, 1968) ; Filled symbols, chromian epidote (this study); Diamond, M3 O1 distance; Square, M3 O2 distance; Triangle, M3 O4 distance; Circle, M3 O8 distance; ×, mean M3 O distance of chromian epidote (this study); +, mean M3 O bond distance of clinozoisite (Dollase, 1968) ; Broken line, the regression line between the mean M3 O bond distance and the mean ionic radius in chromian epidote (this study) and clinozoisite (Dollase, 1968) .
